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When a highly high coherent light propagates through a medium, interactions 
between light and the medium produces a unique intensity speckle pattern that is 
dependent on several factors such as particle size in the medium, wavelength of the light, 
concentration of medium, and scattering angle. Speckle patterns from either static or 
dynamic specimens have been studied using optical techniques due to its non-invasive 
nature. Speckle patterns from biological specimens (dynamic) are different from that of 
the static specimens since random movement of molecules (Brownian motion) in the 
biological specimen affect the light interactions and thereby the intensity of the speckles 
in the speckle pattern. Several studies have shown the optical properties of the biological 
specimen can be characterized using statistical properties from the speckle pattern. A 
histogram of intensity distribution of the speckle pattern can be used to extract certain 
optical properties of the specimen such as bioactivity, blood flow, and skin perfusion. In 
this thesis, a new approach for analyzing biological specimens is presented utilizing a 
 
peak shift in the histogram plot (called the Histogram Wavelength Analysis Method) of 
the intensity of the speckles when changing the wavelength of the incident light. Five 
different wavelengths were used in a modified slit-lamp equipment for the experiment. 
Also six different sizes of nanobeads embedded in vitreous humor (biological specimen) 
were studied. The theory developed for this experimental method matches well with the 
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Speckle patterns are formed when an incident beam is passed through a medium 
with random refractive index or reflected from rough surfaces. Generally, statistical 
analysis has been used to understand the properties of the scattered light [1]. The 
intensity and phase distribution of the speckle pattern has been used to make mechanical 
measurements on static or dynamic objects and used to extract bioactivity of biological 
specimen [2-6]. Speckle patterns from living materials are different from those of 
inactive materials since the intensity distribution of the speckle pattern from the living 
materials is constantly fluctuating due to the Brownian motion of the molecules in the 
materials. Dynamic speckles have been used for many applications such as blood flow, 
chemical reactions, ophthalmology, and studying animal and plant material to name a few 
[7-16]. Since the scattered light is generated from stationary and moving scatterers, the 
contrast of the speckle pattern has been initially used to analyze bioactivity. Further, the 
contrast of the time average picture was used to extract information about the relative 
magnitude of the movement of the scatterers [7, 12]. Also a series of frames of the 
speckle pattern was recorded providing the time history of the motion where the 
brightness was related to the motion in the specimen [13]. A co-occurrence matrix 
method was then developed to estimate the time evolution of the speckles in the frames, 
thereby determining the bioactivity [14, 15]. In addition to these temporal studies, spatial 
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analysis has also been performed where the weighted sums of the difference between two 
snap shots of the speckle patterns was used to measure blood flow. This technique is 
called the Fujii method and was subsequently improved [16, 17]. To improve on the Fujii 
method, a generalized difference (GD) approach using the sum modulus value of the 
intensity difference was developed but these methods were shown to be computationally 
tedious [7, 18]. In this study the phenomena of how the light scattered from biological 
specimens varied with the change in wavelength were explored. To extract some useful 
information from a single frame of the speckle pattern, the histogram distribution of the 
intensity of the speckles was used. In the experiment, a rectangular beam illuminated the 
biological specimen which is a vitreous humor substitute. The resulting scattered beam 
was collected and the histogram distribution of the speckle intensity at the image plane 
was analyzed. 
The histogram of the intensity of the speckle pattern was normalized to compare 
the distribution from samples with various peak shift at one specific angle of illumination 
and observation angle. In the experiment, five different wavelengths from different laser 
diodes were exactly positioned at the same location while maintaining the beam profile 
and intensity. Also six different sizes of nanobead suspended in vitreous humor substitute 
were studied. Speckle pattern images recorded by CCD camera were then imported to 
Matlab software to perform the required mathematical analysis on each image. The 
histogram is calculated by sorting the intensity pixel numbers as a function of intensity 
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value from 0 to 255. The values are normalized and then plotted. It was found that the 
profiles of the histograms were identical, but the peaks were found to shift with the 
change in the wavelength of the illuminating beam and with the change in the nanobead 
size. The histogram peak shift as a function of wavelength method is called the 
Histogram Wavelength Analysis Method (HWAM). Relationships between nanobead 
size in vitreous humor substitute and laser wavelength were determined using HWAM. 
The shift as a function of wavelength is related to the nanobead size less than 200 nm and 
for nanobead sizes above 200 nm size the curves overlap with each other thus making it 
difficult to differentiate different nanobead size. In this thesis, both the theoretical and 




2.1 Speckle Theory 
When a highly coherent light such as laser is incident on a rough surface or 
propagates through a medium with random refractive index, the light is scattered in all 
directions. This scattered light interferes with itself and causes a random interference 
pattern called a speckle pattern. Speckle patterns, consisting of bright and dark patterns, 
arise due to the summed phase (phase shift) and amplitude of the scattered light. As the 
scattered beam has varying optical path length difference, bright spots are produced when 
the rays are in-phase, whereas dark spots are produced when the rays are out-of-phase. 
Since the surface is random, the intensity distribution is also random both in space and in 
the temporal domain. One such speckle pattern image used in this thesis is shown in 
Figure 1. 
 
Figure 1. Photograph of a speckle pattern image. (400 nm nanobead is embedded in 




Speckle pattern phenomena have been investigated since the time of Newton and 
was sketched by Karl Exner in 1877 [5, 19, 20]. Initially, when speckle patterns were 
investigated by researchers and scientists, they were considered to be a nuisance effect in 
images since their granularity degraded the resolution of the images [6, 21-24]. 
Therefore, many studies have been focused on enhancing the quality of the image by 
suppressing the speckle patterns in the image [1, 25-29]. However, speckle phenomena 
were revisited after the invention of laser during the 1960s [1, 4, 5, 12, 24, 30]. It has 
been demonstrated that the statistical properties of speckle patterns, which are generated 
by the interactions between the medium and light, are directly related to the medium [1-3, 
7, 9, 12, 18, 24, 25, 31, 32]. For instance, speckle patterns from static objects are different 
from those of dynamic objects. Speckle theory was developed in the 1960s, and the 
speckle was used for measurement of displacements [21, 33-36]. 
The first statistical analysis of the speckle pattern was described by Lord Rayleigh 
in a series of papers starting in 1880, and the comprehensive mathematical description 
was fully developed following x-ray scattering theory [31, 32]. The statistical analysis of 
the speckle pattern was feasible since the optical properties of the specimen are related to 
the optical properties of the scattered light. The temporal and spatial contrast of speckle 
patterns has been employed to provide information about the physical properties of the 
specimen [37-45]. The 1st order statistics of speckle pattern describe the properties of the 
speckle pattern point by point whereas 2nd order statistics of the speckle pattern describe 
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the properties of the speckle pattern using the speed of intensity variations from point to 
point in the speckle pattern image [2]. 
In the 1st order statistics, the ratio of the standard deviation of the intensity to the 
mean intensity value is an important parameter since it is used to determine the contrast 
of the speckle pattern. The complex amplitude of speckle light field at an observing plane 
(𝑥, 𝑦, 𝑧) in a speckle pattern image can be expressed as the sum of scattered light from 
the medium. The complex amplitude of the speckle light field is calculated using all 
scattered light arriving for all points on the scattering object. The complex amplitude of 
the speckle light field, 𝐴(𝑥, 𝑦, 𝑧), at some observation plane can be expressed as [31, 32, 
46-48] 
 








where 𝑁 is the number of scatterers, 𝐴𝑘 is the random amplitude of the 𝑘
𝑡ℎ element 
from the medium, and ∅𝑘 is the random phase of the 𝑘
𝑡ℎ element from the medium. In 
the complex amplitude of the speckle light field description it is assumed that 
monochromatic light is reflected from or transmitted through a rough medium. The 
following assumptions are used to develop the first order statistics for speckles [31, 32, 
48]. 
i. The scatterers are randomly distributed with uniform probability. 
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ii. The amplitude, 𝐴𝑘, of the 𝑘
𝑡ℎ contribution are statistically independent random 
variables. 
iii. The phase, ∅𝑘, of the 𝑘
𝑡ℎ contribution are statistically independent random 
variables. 
iv. The amplitude, 𝐴𝑘, of the 𝑘
𝑡ℎ contribution and the phase, ∅𝑘, of the 𝑘
𝑡ℎ 
contribution are statistically independent between them. 
v. The phase, ∅𝑘, of the 𝑘
𝑡ℎ contribution are uniformly distributed over 
[−𝜋; +𝜋]. 
A rough surface approximation, which requires the height variation of the surface to be 
greater than wavelength of light, is employed to validate assumption v. The complex 
amplitude of the speckle light field obeys Gaussian statistics according to the central 
limit theorem. The probability density function (PDF) for the real and imaginary part of 
the complex amplitude of the speckle light field is given by [32, 46-48] 
 










where 𝐴𝑟 is a real part of the complex amplitude of the speckle light field, 𝐴𝑖 is an 
imaginary part of the complex amplitude of the speckle light field, and 𝜎2 is a variance 
















where 〈 〉 means the ensemble average. The complex amplitude of the speckle light 
field obeys Gaussian statistics under two conditions; the phase of the scattered light field 
at the scatterer is uniform over −𝜋; +𝜋, and 𝑁 → ∞. The complex amplitude of the 
speckle light field will show a complex circular Gaussian distribution. The probability 











The absolute intensity value of the scattered light will decrease exponentially when the 
intensity is detected by a CCD camera. Thus the probability density function of the 














where 𝑛0 can be interpreted as the number of speckle grains which are detected by a 
CCD camera and 𝛤 is Gamma function. The probability density function of the detected 
intensity, 𝑃𝐷𝐹(𝐼𝑑), is apt to follow Gaussian distribution when 𝑛0 → ∞. 
 In the 2nd order statistics, the size of the speckle and distribution of the speckle 
size are derived since it describes the intensity variations in the speckle pattern image. 
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The Power Spectral Density (𝑃𝑆𝐷) of a signal is defined by the modulus squared of its 
Fourier transform (𝐹𝑇). The PSD of the detected intensity is written as [48] 
 𝑃𝑆𝐷(𝐼(𝑥, 𝑦)) = |𝐹𝑇(𝐼(𝑥, 𝑦))|2 (6) 
The autocorrelation function, 𝑅1, of the intensity at two arbitrary points (𝑥1, 𝑦1), 
(𝑥2, 𝑦2) in the observation plane is defined as [32, 48] 
 𝑅1(∆𝑥, ∆𝑦) = 〈𝐼(𝑥1, 𝑦1)𝐼(𝑥2, 𝑦2)〉 (7) 
where ∆𝑥 = 𝑥1 − 𝑥2 and ∆𝑦 = 𝑦1 − 𝑦2. If 𝑥2 = 0 and 𝑦2 = 0, the autocorrelation 
function is written as [32, 48] 
 𝑅1(∆𝑥, ∆𝑦) = 𝑅1(𝑥, 𝑦) (8) 
According to the Wiener-Khintchine theorem, the autocorrelation function of the 
intensity is given by the Inverse Fourier Transform (𝐹𝑇−1) of the PSD of the intensity 
which is written as [32, 48] 
 𝑅1(𝑥, 𝑦) = 𝐹𝑇
−1[𝑃𝑆𝐷(𝐼(𝑥, 𝑦))] (9) 
The normalized auto covariance function of the intensity (𝑐𝐼(𝑥, 𝑦)) corresponds to the 
normalized autocorrelation function with a zero base and provides a reasonable 





𝑅1(𝑥, 𝑦) − 〈𝐼(𝑥, 𝑦)〉
2
〈𝐼(𝑥, 𝑦)2〉 − 〈𝐼(𝑥, 𝑦)〉2
 
(10) 
The normalized auto covariance function of the intensity can be calculated from the 
intensity distribution of the measured speckle [32, 48] 
 
𝐶𝐼(𝑥, 𝑦) =
𝐹𝑇−1(|𝐹𝑇(𝐼(𝑥, 𝑦))|2) − 〈𝐼(𝑥, 𝑦)〉2
〈𝐼(𝑥, 𝑦)2〉 − 〈𝐼(𝑥, 𝑦)〉2
 
(11) 
𝐶𝐼(𝑥, 0) and 𝐶𝐼(𝑦, 0) correspond to the horizontal and the vertical profiles of 𝐶𝐼(𝑥, 𝑦), 
respectively. Their width at half maximum are denoted dx and dy, respectively. 
2.2 Speckle Contrast 
In biological specimens, movement of the particles leads to speckle pattern 
variations in time so spatial contrast of the speckle pattern will decrease due to Doppler 
effects [4, 12, 24, 39, 43]. Fundamental speckle contrast theory has been introduced and 
several studies have employed a laser speckle contrast technique for blood flow and 
tissue perfusion analysis [24, 37-45, 49-51]. There are many techniques which uses 
speckle contrast and the names are different depending on domains and principles [39]. 
One of the techniques is called Laser Speckle Contrast Imaging (LSCI) which was 
introduced in the 1980s. This technique has been used for clinical purposes due to the 
availability of faster acquisition devices and new image processing techniques [4, 37, 52-
57]. LSCI is based on the changes of a speckle pattern over time since the biological 
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material is constantly moving. The movement of active scatterers can be quantified and 
analyzed either by its temporal variations or by its spatial variations. Speckle contrast 
studies using spatial or the temporal statistics have been utilized for the study of blood 
flow [4, 24]. Speckle de-correlation time is long (on the order of milliseconds) compared 
to the typical de-correlation time, so the recorded speckle pattern image is blurred [39, 
58, 59]. The blurred speckle pattern image is quantified by the spatial speckle contrast, 










where 𝜎𝑠 is the spatial standard deviation of the intensity and 〈𝐼〉 is the mean intensity 
of the speckle pattern. Similarly, the temporal speckle pattern is denoted 𝐶𝑡, and 
temporal standard deviation is denoted 𝜎𝑡. There is no doubt that the contrast of the 
speckle pattern image is fluctuating which is dependent on the movement of scatterers in 
the medium. Thus, it can be analyzed either spatially or temporally. Theoretically, the 
speckle contrast value is ranging from 0 to 1. If the spatial speckle contrast is 1, there is 
no movement on the speckle pattern. If the spatial speckle contrast is 0, the movement of 
scatterers are very fast and blur the speckle images. The speckle contrast is a function of 
the exposure time, 𝑇, of a CCD camera and is related to the autocovariance, 𝐶𝑡(𝜏), of 
















where the autocovariance, 𝐶𝑡(𝜏), is written as 
 𝐶𝑡(𝜏) = 〈[𝐼(𝑡) − 〈𝐼〉𝑡][𝐼(𝑡 + 𝜏) − 〈𝐼〉𝑡]〉𝑡 (14) 
where 〈 〉𝑡 is the time-averaged quantity, and 𝜏 is the correlation time. The relationship 
between the autocovariance, 𝐶𝑡(𝜏), and the intensity correlation function, 𝑔2(𝜏), is 
written as 
 





The Siegert Equation relates the electric field correlation function, 𝑔1(𝜏), and the 
intensity correlation function, 𝑔2(𝜏), which is written as 
 𝑔2(𝜏) = 1 + 𝛽[𝑔1(𝜏)]
2 (16) 
where 𝛽 is a correction factor which is affected by the experimental setup. It is common 
to assume that the electric field correlation function, 𝑔1(𝜏), is written as 
 





where 𝜏𝑐 is a correlation time that is inversely proportional to the local velocity of the 


















The speckle contrast is a function of the exposure time, 𝑇, of a CCD camera and the 




Light scattering phenomena have been considered as the redirection of radiation 
from the original propagation direction when an electromagnetic wave is incident on 
scattering media. Light scattering techniques have been utilized for observing the 
dynamic phenomena in several areas including physics, chemistry, biology and medicine 
[60, 61, 62]. One of the main advantages of using this technique for analysis is that it is 
possible for real-time diagnosis. Also, it can be used either in vivo or in vitro. [63]. Light 
scattering theory has been employed to characterize biological specimens due to their 
strong optical scattering and weak absorption at wavelengths ranging from 400 nm to 
1350 nm (UV, visible and near-IR) [64]. Alhazen is considered to have made the first 
attempt to explain interactions between light and matter in the early 11th century [65]. 
Conventionally light scattering phenomena by spherical particles have been 
explained with Mie Scattering and Rayleigh scattering theory [61]. Incident light is 
modeled as an oscillating electromagnetic wave and once the electromagnetic wave is 
incident on the scattering media, the particles oscillate with the same frequency as the 
incident light due to the negatively charged electrons in the particles. Then, the particles 
are oscillating similarly to an electric dipole after interactions between the 
electromagnetic wave and the particles, and the frequency of the electric dipole reradiate 
electromagnetic waves with same frequency as the incident light [65]. If the particles are 
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distributed (where the mean free path between molecules is larger than both the size of a 
molecule and wavelength of the light), then single scattering theory is applied. However, 
if the molecules are distributed such that the mean free path between molecules is smaller 
than both the size of a molecule and the wavelength of the light, then multiple scattering 
events occur. Single scattering theory isn’t appropriate to explain the multiple scattering 
phenomena since the successive independent scattering and multiple scattering are 
different in terms of the number of scattering events [64]. Single scattering prevails in 
optically thin media when photons are scattered once whereas multiple scattering prevails 
in optically thick media when photons are scattered more than once. 
Both Rayleigh and Mie scattering theories apply to the scattering events when a 
light is incident on the specimen with spherical particles, but the usages of two theories 
are slightly different in terms of the size. Rayleigh scattering theory is applicable to small 
spherical particles such as atoms and molecules, and Mie scattering theory expresses a 
generalized scattering phenomenon by a spherical particle which is homogeneous, 
isotropic, and any size [64, 66]. Specific scattering regimes are required to discriminate 
Rayleigh and Mie scattering. A non-dimensional parameter, 𝑥, is called the particle size 







where, 𝑟𝑠 is the radius of a spherical particle and 𝜆𝑚 is the wavelength in the medium. 
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When the particle size parameter is much less than one, 𝑥 ≪ 1, Rayleigh scattering 
theory can be applied. When the particle size parameter is approximately equal to one, 
𝑥~1, Mie scattering theory can be applied. When the particle size parameter is much 
greater than one, 𝑥 ≫ 1, Geometric scattering theory can be applied. Table 1 shows 
scattering regimes depending on the particle size parameter x. 
Table 1. Scattering regimes depending on the particle size parameter 𝒙. 
 
 
Mie scattering theory describes the majority of scattering events by spherical 
particles, and the analysis methods differ from Rayleigh scattering theory. Rayleigh 
scattering theory employs a simple mathematical equation whereas Mie scattering theory 
uses Maxwell’s equations. In addition, Mie scattering theory is barely dependent on the 
wavelength of the light [64]. 
Figure 2 shows scattering events in spherical polar coordinates(𝑟, 𝜃, 𝛷) when the 
light is incident on a single scattering particle; 𝑟 is the observation distance from the 
particle, 𝜃 is the polar angle (scattering angle), and 𝛷 is the azimuthal angle. When an 
unpolarized incident light encounters the center of the particle (located at the origin) 
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where the size is smaller than the wavelength of the light, irradiance of the scattered light, 
𝐼𝑠, is given by 
 
𝐼𝑠(𝑟, 𝜃) =




where, 𝐼𝑠 is the intensity of the scattered light, 𝐼0 is the intensity of the unpolarized 
incident light, 𝛼 is the polarizability of the particle, and 𝑘 is the propagation constant 







where ∆𝑛 is the refractive index difference between the polymer and the nanobead, and 
𝜆 is the wavelength of the light in the vacuum. The intensity is inversely proportional to 
the wavelength of light and by substituting Equation 21 into Equation 20 assuming all the 










Figure 2. Schematic of light scattering events in spherical polar coordinates 
 
Therefore, in Rayleigh scattering the intensity of the scattered light has strong 
dependence on the wavelength of the light and increases as the propagation constant 
increases. The intensity of the scattered light is the same in the forward and backward 
directions. Mie scattering theory is barely dependent on the wavelength of the light, and 




In order to create a mathematical model, it assumed that both Mie and Rayleigh 
scattering occur in a biological specimen, and it is dominantly single scattering. However, 
light in reality can be scattered in multiple ways within the specimen. It is proposed that 
the scattered light from the specimen is a combination of Rayleigh and Mie scattering 
such that the intensity of the light can be assumed to be proportional to 
 
∆𝑋(𝐼𝑚𝑎𝑥(𝑟, 𝜃)) ∝ 𝑐1 [
𝐴1
𝜆4





where, ∆𝑋(𝐼𝑚𝑎𝑥(𝑟, 𝜃)) is the histogram peak of the scattered light, 𝑐1 and 𝑐2 are 
coefficients, and 𝐴1  and 𝐴2 are parameters whose units are 𝑚
4 and m, respectively. 
Coefficients of 𝑐1 and 𝑐2 are non-dimensional units and are used to designate the ratio 
of Rayleigh scattering versus Mie scattering. In this model, it is assumed that the 
refractive index difference between the polymer and the embedded nanobead remain 
constant. Thus the refractive index variation is not included, since the light scattered by 
the nanobeads is collected. 
The intensity of the scattered light is dependent on both the wavelength of the 
light and the coefficients 𝑐1 and 𝑐2. Theoretically, the number of speckles with the 
highest intensity in the speckle pattern decreases when the wavelength of the light is 
increased and also when the coefficient of 𝑐1 is increased and 𝑐2 is decreased. The 
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proposed Equation 23 is applied to the results from the specimen where the size of 
nanobead is larger than 200 nm. Table 2 shows coefficient values for normalized 
intensity values, and different coefficient values for the wavelength of light. Table 2a is a 
table of coefficients 𝑐1 and 𝑐2, which are applied to Equation 23 for calculation, Table 
2b is a table of the normalized intensity values with respect to the wavelengths, and 
coefficient values 𝑐1 and 𝑐2 using Equation 23. Figure 3 shows plots of the shifts using 















Table 2. Coefficient values for normalized intensity values, and different coefficient 
values for the wavelength of light; ‘a’ is a table of coefficients 𝒄𝟏 and 𝒄𝟐, which are 
applied to Equation 23 for calculation, ‘b’ is a table of the normalized intensity 







Figure 3. Diagram of theoretical normalized peak point shift with respect to the 
wavelength of light and coefficient values 𝒄𝟏 and 𝒄𝟐. The plots are the results of 
the proposed Equation 23 and coefficient values in Table 2. 
 
To explain the angle dependency of the intensity of the scattered light, the 
mathematical expression can be derived from Equation 20 assuming all other variables 
are held constant except for the angle. The intensity of the scattered light is proportional 
to the scattering angle and is given by, 
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 𝐼𝑠(𝑟, 𝜃) ∝ cos
2 𝜃 (24) 
where 𝜃 is the scattering angle (which is an angle between the incident light and the 
observation location). Here, the scattering angle, 𝜃, is perpendicular to the propagation 
direction and is illustrated in Figure 2. The intensity of the scattered light varies with 
respect to the scattering angle and is shown in Figure 4. Equation 24 shows that the 
intensity value decreases with an increase in the scattering angle, which is based on 
Rayleigh scattering theory. Variations in the intensity of the scattered light could exist 
depending on several factors in the experimental environment such as particle sizes in the 
samples, the wavelengths of light, and the polarization of the incident light. A study 
showed the angle dependency of the speckle pattern by comparing speckle contrast 




Figure 4. Diagram of the scattered intensity variations with the scattering angle 
ranging from -90° to 90° 
 
Note that Equation 24 is introduced to express the intensity of the scattered light 
dependency on the scattering angle, and is only applicable for the single scattering 
phenomena by polarized light in Rayleigh scattering regimes. There many factors that 
affect the scattering events but the scattering angle is the only parameter in Equation 24. 
Developed theory and experimental results indicated some general scattering 
phenomena such as a) the intensity of the scattered light from large particle scatterers is 
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stronger compared to small particle scatterers, and b) large particle scatterers have lower 
frequency than small particle scatterers [65]. Equation 20, which explains Rayleigh 
scattering theory, describes the scattering phenomena by one small spherical particle and 
can be expressed as, 
 
𝐼𝑠(𝑟, 𝜃) =








6 ∙ 𝐼0 
(25) 
where 𝑟𝑠 is the radius of a spherical particle. The intensity of the scattered light is 
proportional to the diameter of the spherical particle which is given by, 
 







It is assumed that the other parameters are constant except the diameter of the spherical 
particle. Equation 26 is introduced to explain the scattering dependency of the size 
variations. The intensity variation of the scattered light along with the particle size is 
shown in Figure 5. An assumption is made that the particle size for this study does not 
exceed 400 nm and this is taking as an upper limit. Five graphs show the normalized 
value of the intensity variations as a function of particle sizes. Several studies have 
shown that the intensity of the scattered light increases with an increase in the particle 




Figure 5. The diagram of the intensity variation of the scattered light with increase 
in the particle sizes 
 
It should be noted that Equation 26 is utilized to express only the intensity of the 
scattered light dependency on the particle size of the spherical scatterer, which is for a 
single scattering phenomena by polarized light in Rayleigh scattering regimes. 
 As Rayleigh scattering theory contains the refractive index value, the relationship 
between the intensity of the scattered light and the refractive index value can be 
demonstrated. When the propagation constant, 𝑘, is applied to Equation 20, the 
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relationship between the intensity of the scattered light and the refractive index value is 
given by, 
 𝐼𝑠(𝑟, 𝜃) ∝ ∆𝑛
4 (27) 
It is assumed that the other parameters are constant except refractive index. The intensity 
of the scattered light is proportional to the fourth power of the difference in refractive 
index between polymer and the nanobead and is shown in Figure 6. In the experiment, as 
the wavelength increases, the refractive index of both the polymer and the nanobead 




Figure 6. The diagram of the intensity variation of the scattered light with increase 
in the refractive index (refractive index values of polymers are acquired in Scientific 
Polymer Products, INC. and refractive index values of polystyrene (when the 
wavelength is 405 nm) are acquired in refractiveindex.info) 
 
To explain Rayleigh scattering for polymer molecules, the intensity of the 














where 𝑁𝐴 is the Avogadro’s number, 𝑑(𝑛 𝑛0⁄ ) 𝑑𝑐⁄  is the parameter that describes the 
dependency of the relative refractive index of the solution on the polymer concentration 
(which is a measure of the polarizability of the polymer molecules), 𝑃(𝜃) is the size-
shape factor, 𝑀 is the molecular mass of the dissolved polymer molecules, and 𝐶 is the 
concentration. Previous studies have demonstrated that the concentration dependency can 
be studied using Rayleigh scattering theory [65, 71, 72]. As predicted by Equation 28, the 
intensity of the scattered light is proportional to the concentration which is given by, 
  
 𝐼𝑠(𝑟, 𝜃) ∝ 𝐶 (29) 
It is assumed that the other parameters are constant except the concentration. 




Figure 7. The diagram of the intensity variation of the scattered light with increase 
in the concentration 
 
Also, the study has shown that there is a linear relationship between the refractive index 
and the concentration [73]. Equation 27 and Equation 29 provide a qualitative description 




4. EXPERIMENTAL METHODS 
4.1 Sample Preparation 
Gellan gum is an anionic microbial polysaccharide which is used as a gelling 
agent. Since it is water-soluble and has rapid phase transition (gelation) characteristics, it 
has been used in the food industry and biomaterial community. GelzanTM (Sigma Aldrich 
Chemical Co.) is a modified deacylated form of gellan and is the gellan used in all our 
hydrogel preparations. This modification gives the material transparency. To prepare the 
gels, gellan was dissolved at 2X the desired final concentration and heated to 60oC in 
water. While at elevated temperature, the gellan was mixed 1:1 with 2X phosphate 
buffered saline (PBS) to introduce cations. Upon cooling in the presence of cations, 
gellan undergoes a temperature mediated random-coil to double helix formation. 
Additionally, the formed double helices can aggregate and form junction zones, resulting 
in a 3-D network held together by hydrogen bonding, forming a physical hydrogel. The 
refractive index of the hydrogel is approximately 1.33. Three different concentrations of 
gellan hydrogels were prepared. Also, six different sizes of nanobeads (polystyrene) were 
incorporated into the hydrogels. The refractive index of the nanobead is assumed to be 
similar to that of bulk polystyrene, which is listed for wavelengths of laser diode modules 
used. Table 3 shows the refractive index values with respect to the wavelength. 
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Table 3. The refractive index value of polystyrene with respect to the wavelength 
(refractive index values of polystyrene are acquired in refractiveindex.info) 
 
 
4.1.1 Polymer/Nanobead Hydrogels 
Three different concentrations of ionic gellan hydrogels at 0.2, 0.3 and 0.4 wt% 
(Gelzan™, Sigma Aldrich Chemical Co.) were prepared. As the concentration of the 
gellan increases, the 3-D network will increase in density and the storage modulus 
increase exponentially. Also, six different sizes of nanobeads at 50, 100, 150, 200, 300 
and 400 nm (Polysciences INC,) were incorporated into each concentration of hydrogel, 
giving a total of eighteen combinations. The speckle pattern images vary with respect to 
the size of the nanobead and density of the 3D-gel network. Table 4 shows the nominal 
sizes of the nanobead and the size ranges. Sodium azide (0.05%) was added in samples to 
prevent the growth of bacteria. 
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4.2 Slit-Lamp Modification 
A conventional method to examine and diagnose eyes in ophthalmology and 
optometry areas is by using a slit lamp setup. This setup has been used for animal eye 
research both in vitro and in vivo due to its simplicity. The slit lamp setup uses white light 
as a light source for examining the eye. 
The schematic of the modified slit lamp is shown in Figure 8. Three areas were 
modified: a) a illumination area, b) a beamsplitter tube area, and c) a video camera area. 




Figure 8. Schematic of the modified slit lamp setup (SolidWorks Software) 
 
To modify this setup to study vitreous humor substitute, the white lamp assembly was 
removed and replaced with a custom fabricated laser diode mount and lens assembly. 
Figure 9 shows photographs of the illumination area. Figure 9a shows the disassembled 
illumination area, and Figure 9b shows that three customized brackets were mounted on 
the illumination area of the slit lamp to install the laser diode module along with a 40X 
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microscope objective to expand the laser beam. The laser diode module was used in the 
setup to increase the coherence length. 
 
Figure 9. Photographs of the illumination area in the slit lamp. a) disassembled 
illumination area b) three customized brackets mounted on the illumination area of 
the slit lamp to install the laser diode module with a 40X microscope objective. 
 
Figure 10 shows photographs of the beamsplitter tube area. An iris (SM1D25, 




Figure 10. Photographs of the beamsplitter tube in the slit lamp a) before 
modification b) an iris, which controls the amount of the scattered light, and a 
custom fabricated bracket mounted on the beamsplitter tube. 
 
Figure 11 shows photographs of the video camera adapter area. A CCD camera 
(DMK 21AU04 Monochrome Camera, The Imaging Source®) was mounted on the video 
camera adapter to record a speckle pattern image. The sensor (ICX098BL, Sony) of a 




Figure 11. Photographs of the video camera area in the slit lamp. A CCD camera is 
mounted on the video camera adapter to record a speckle pattern image. 
 
Figure 12 shows a photograph of the modified slit lamp. The modified slit lamp was 
mounted on an optical table (Oriel Instrument®) to isolate vibrations. A blackened 
background plate was attached to a z-translational stage, and the z-translational stage was 
mounted on the optical table. The setup was calibrated in order to find the plane of focus 
by changing the height of either the modified slit lamp or the z-translational stage. The 
prepared sample was located on top of the z-translational stage. The entire setup was 
covered using a cardboard frame with the inside layered with black fabric. The frame 




Figure 12. Photograph of the modified slit lamp setup. 
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4.3 Experimental Procedures 
The schematic of the HWAM (Histogram Wavelength Analysis Method) 
apparatus is shown in Figure 13. The laser beam from a laser diode module was expanded 
by a lens and sent through a rectangular slit. Once the expanded beam passed through the 
rectangular slit, the shape of the expanded beam was changed to the rectangular shape. 
The width of the slit can be changed to control the size of the illuminating beam by using 
a rotating lever which is equipped on the slit tube. 
The laser beam illuminated the biological specimen placed in a petri-dish which is 
on a blackened background plate. The blackened background plate was used to reduce 
unwanted speckle patterns formed from scattered light. The height of the specimen can be 
changed by the z-translational stage to allow the CCD to focus on different layers of the 
specimen so as to minimize the multiple scattering. The illuminating beam was set at an 
angle of 𝜃1, and a CCD camera was set at an angle of 𝜃2, each with respect to the 
surface normal. The speckle images were recorded by a CCD camera at constant angle 
for the experiment. The laser diode modules ((CPS405 (𝜆 = 405𝑛𝑚), CPS520 (𝜆 =
520𝑛𝑚), CPS532 (𝜆 = 532𝑛𝑚), CPS635S (𝜆 = 635𝑛𝑚), and CPS780S (𝜆 = 780𝑛𝑚), 
Thorlabs)) were mounted in a custom fabricated mount that allowed for precise 
positioning of the lasers to create the same angle of illumination and the same divergence 
of the beam created by the beam expander (the microscope). This allowed the 
experiments to be performed under identical conditions with the different laser diodes. To 
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minimize the misalignment of the incident light, two fabricated brackets, representing 
different diameters of the laser diode modules, were utilized to arrange the laser diode 
modules in the same spot using set screws. Although the laser diode modules were 
nominally polarized along one axis, a small percentage of output power was unpolarized. 
The laser diode module consists of housing, laser diode, and collimating elements. Laser 
diode modules require a 5VDC power supply (LDS5, Thorlabs) to operate. Table 5 
shows optical specifications of five laser diode modules. 
Table 5. Optical specifications of five laser diode modules 
 
 
In addition, the position of the petri-dish was also always located in the same spot 
as the vitreous humor substitute. Two images were recorded: one from the specimen and 
the petri-dish and the other from the petri-dish without any specimen. The two images 
were subtracted to eliminate the effect of the petri-dish. Digital images of the speckle 
pattern are in an 8-bit gray scale jpeg with a 640×480 pixel format and were imported to 
a PC. Each pixel’s value varies from 0 to 255, and the speckle images are processed in a 




Figure 13. Schematic diagram of the experimental setup, where 𝜽𝟏 and 𝜽𝟐 are the 








4.4 Data Analysis 
In the experimental analysis, the histogram of the speckle pattern images are 
observed as a function of pixel numbers with respect to the intensity variations. Initially, 
the background speckle pattern with a blackened background plate and a petri-dish 
without a specimen is captured. Then, ten speckle patterns (10 FPS) are acquired in a 
sequence to overcome the constant fluctuating speckle pattern caused by the Brownian 
motion of the biological specimen. Recorded intensity speckle pattern images consist of 
307,200 discrete pixels. The intensity values, 𝐼(𝑖, 𝑗), of each discrete pixel are expressed 
in grayscale ranging from 0 (black) to 255 (white). The spurious information, which 
might be coming from either the petri-dish or the blackened background plate, can be 
removed by using a simple subtraction method. To perform the subtraction process, the 
speckle pattern image from the empty-petri dish is subtracted from each speckle pattern 
image from the biological specimen, and same subtraction processes are repeated for the 
remainder of the speckle pattern images (10 subtraction process). All speckle patterns 
used in the experimental analysis have the background speckle pattern eliminated by such 
a process. The subtraction process is performed pixel by pixel. Only positive values are 
obtained, and negative values are set to zero. The subtraction operation is then processed 




Figure 14. Diagram of the subtraction process using the intensity histogram in 
Matlab software. ‘a’ is the intensity histogram of the speckle pattern image from the 
biological specimen in the petri dish, ‘b’ is the intensity histogram of the speckle 
pattern image from the empty-petri dish, ‘c’ is the intensity histogram of the 
subtracted speckle pattern image, ‘d’ is the normalized intensity histogram of ‘a’. 
(400 nm nanobead is embedded in 0.4 wt% biological specimen, the incident 
wavelength is 405 nm, and the scattering angle is 30°). 
 
The intensity histogram of ten subtracted speckle pattern images is imported to 
Excel software, and the intensity values are distributed with respect to the pixel numbers 
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at each grayscale pixel value. Ten subtracted images are summed and averaged pixel by 
pixel at the identical pixel location with standard deviation values. Figure 15 illustrates 
the averaging process of the subtracted speckle pattern images.  
 
Figure 15. Schematic of the averaging process using the subtracted speckle pattern 
images in Excel software. ‘i’ stands for column and ‘j’ stands for row in the image. 
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 The averaging of the speckle patterns reduces the effect of external turbulence 
caused by temperature and vibrations. The histogram of this final speckle pattern is 
generated from the analyzed speckle pattern. Each pixel is sorted in ascending order of 
the number of intensity values that occurred in the speckle pattern. In the analysis the 
intensity of the pixels is set such that it does not exceed the maximum value of the grey 
scale value of 255. For a given angle of illumination and observation, histogram plots as 
a function of the wavelength were obtained and the peak position values were extracted. 
Since the proposed theory shows that the scattering peak position is dependent on particle 
size, the size of the nanobeads in the vitreous humor substitute was held constant. 
Six different specimens with increasing nanobead size are then used to obtain 
their histogram distribution. Figure 16 shows the normalized intensity histograms from 




Figure 16. Diagrams of the normalized intensity histogram. a) 50 nm, b) 100 nm, c) 
150 nm, d) 200 nm, e) 300 nm, f) 400 nm nanobead size (0.4 wt% biological 








Figure 17. Diagram of the normalized intensity histogram with six different 
nanobead sizes (0.4 wt% biological specimen, the incident wavelength is 520 nm and 




Figure 18 shows the normalized intensity histograms from the speckle images for 
one specific angle of illumination of 30° and with a nanobead size of 400 nm as the 
wavelength of the light is changed. 
 
 
Figure 18. Diagrams of the normalized intensity histogram. a) λ=405 nm, b) λ=520 
nm, c) λ= 635 nm, and d) λ=780 nm with 400 nm nanobeads embedded in 0.4 wt% 




The intensity histograms from the speckle images for one specific angle and nanobead 




Figure 19. Diagram of the normalized intensity histogram with four different 
wavelengths (400 nm nanobead is embedded in a 0.4 wt% biological specimen and a 




5. EXPERIMENTAL RESULTS 
For the histogram plots created from the average 10 speckle images, a peak point 
appeared in the histogram. The location of the peak point varied with respect to nanobead 
size and wavelength of the incident light. The collected peak point data can be 
incorporated in one diagram, which shows a peak shift point. The shift in the peak (i.e 
peak shift value) was calculated with respect to the origin for each nanobead size. Figure 
20 shows the shift as a function of wavelength for nanobead sizes of 50 nm, 100 nm, 150 
nm, 200 nm, 300 nm, and 400 nm. As the wavelength of the incident beam increases, the 
amount of peak shift decreases. Also, the decay rate is found to be slow when the 
nanobead size is increased. Figure 20 shows the peak shift with respect to the nanobeads 




Figure 20. Diagram of the peak shift with respect to the nanobead sizes and the 
wavelengths (0.4 wt% biological specimen and scattering angle of 30°) 
 
Table 6 shows standard deviation values of the peak shift value from the averaged speckle 
pattern image. The standard deviation values belong to Figure 20. 
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Table 6. Standard deviation values of the peak shift value from the averaged speckle 
pattern image with respect to the wavelength of light and the size of a nanobead (0.4 
wt% biological specimen and scattering angle of 30°) 
 
 
The peak shift point of the experimental results is normalized to compare the 
experimental results with the theoretical values. Figure 21 shows the normalized peak 
point shift with respect to the nanobead size and the wavelength of the light. It can be 
seen from the plot that the decay rates overlaps for particle size greater than 200 nm. 




Figure 21. Diagram of the normalized peak shift with respect to the nanobead size 
and the wavelengths (0.4 wt% biological specimen and scattering angle of 30°) 
 
To compare the normalized peak point shift values to the theoretical peak point shift 
value, the peak shift value of each particle size plot is scaled to be 1, and the rest of the 






Figure 22. Diagram of the normalized peak shift where the peak shift values are set 
to be 1 (the wavelength used is 405 nm, the specimen is 0.4 wt% biological specimen 
and scattering angle of 30°) 
 
Figure 23 shows the theoretical peak point shift and the normalized experimental 
peak point shift with respect to the nanobead size and the wavelength of the light. Figure 
23a shows the plot for 50 nm nanobead size in the vitreous humor substitute. The 
theoretical results indicate the degree to which the experimental results follows Rayleigh 
scattering or Mie scattering. The data matches our proposed theory very closely when 𝑐1 
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is 0.9 and 𝑐2 is 0.1. Figure 23b and Figure 23c show the plots for 100 nm and 150 nm 
nanobeads in the vitreous humor substitute respectively. The experimental results for 100 
nm and 150 nm correspond our theory when 𝑐1 is 0.9 and 𝑐2 is 0.1. The results show 
that for 50, 100, and 150 nm nanobead particle size, the dominant scattering is Rayleigh. 
Figure 23d shows the plot for 200 nm nanobeads in the vitreous humor substitute, and the 
experimental result matches our proposed theory when 𝑐1 is 0.6 and 𝑐2 is 0.4. This 
result indicates that for 200 nm nanobead particle size, the dominant scattering is 
Rayleigh. Figure 23e shows the plot for 300 nm nanobeads in the vitreous humor 
substitute, and the experimental result matches our proposed theory when 𝑐1 is 0.4 and 
𝑐2 is 0.6. Figure 23f shows the plot for 400 nm nanobeads in the vitreous humor 
substitute, and the experimental result matches our proposed theory when 𝑐1 is 0.3 and 
𝑐2 is 0.7. The results indicate that for 300, and 400 nm nanobead particle size, the 




Figure 23. Diagram of the normalized peak shift and the theoretical peak shift with 
respect to the nanobead size and the wavelength of the light used a) 50 nm, b) 100 
nm, c) 150 nm, d) 200 nm, e) 300 nm, and f) 400 nm (0.4 wt% biological specimen 





Over the past decade, speckle related phenomena have been studied by 
researchers because this method is simple yet produces reliable results. The scattering 
property of a sample modeling vitreous humor using the histogram of the speckle pattern 
formed due to back scattering of light was studied in this thesis. The peak value displayed 
in the histogram was found to shift as the wavelength of light was changed, and this shift 
was found to have direct relationship to the particle size of the nanobeads in the 
specimen. The Histogram Wavelength Analysis Method (HWAM) is presented in the 
thesis to study biological material. The results show that there is a correlation between 
the intensity distribution of speckle pattern images, the wavelength of light, and nanobead 
size. In this technique, the shift in the peak of the histogram is extracted. For nanobead 
size less than 200 nm, the plots follow Rayleigh scattering theory. For nanobead sizes 
above 200 nm, the plots follow the proposed modified Rayleigh scattering theory pretty 
well along with Mie scattering. This noncontact method can be used to study vitreous 




7. FUTURE WORK 
This work has shown that HWAM can be used to identify nanobead size less 
than 200 nm. In future studies, HWAM should be further investigated in order to see if it 
can be used to study the concentration dependency of a biological sample and the 
dependency on the angle of illumination. 
Further, Fourier Transform algorithms and filtering algorithms can be employed 
to analyze the speckle pattern. Fourier Transform algorithms will convert the domain 
from space to spatial frequency so two or more different frequencies are used so that 
vitreous humor substitute can contain different sized molecules and nanobeads. Filtering 
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